Quantitative ultrasound (QUS) imaging is hypothesized to map temperature elevations induced in tissue with high spatial and temporal resolution. To test this hypothesis, QUS techniques were examined to monitor high-intensity focused ultrasound (HIFU) exposure of tissue. In situ experiments were conducted on mammary adenocarcinoma tumors grown in rats and lesions were formed using a HIFU system. A thermocouple was inserted into the tumor to provide estimates of temperature at one location. Backscattered time-domain waveforms from the tissue during exposure were recorded using a clinical ultrasonic imaging system. Backscatter coefficients were estimated using a reference phantom technique. Two parameters were estimated from the backscatter coefficient (effective scatterer diameter (ESD) and effective acoustic concentration (EAC). The changes in the average parameters in the regions corresponding to the HIFU focus over time were correlated to the temperature readings from the thermocouple. The changes in the EAC parameter were consistently correlated to temperature during both heating and cooling of the tumors. The changes in the ESD did not have a consistent trend with temperature. The mean ESD and EAC before exposure were 120 ± 16 mm and 32 ± 3 db/cm 3 , respectively, and changed to 144 ± 9 mm and 51 ± 7 db/cm 3 , respectively, just before the last HIFU pulse was delivered to the tissue. After the tissue cooled down to 37°C, the mean ESD and EAC were 126 ± 8 mm and 35 ± 4 db/cm 3 , respectively. Peak temperature in the range of 50-60°C was recorded by a thermocouple placed just behind the tumor. These results suggest that QUS techniques have the potential to be used for noninvasive monitoring of HIFU exposure.
Introduction
High-intensity focused ultrasound (HIFU) is a promising technique for clinical therapies involving non-invasive thermal ablation or hyperthermia. 1 HIFU allows the targeting of small regions for thermal ablation or hyperthermia treatment and has been successfully demonstrated in animal models of cancer and in limited clinical studies and treatments. A review of clinical studies involving HIFU to treat disease was provided by Kennedy. 1 For example, currently, HIFU therapy has been approved in the United States for the treatment of uterine fibroids. 2, 3 To promote further clinical use of HIFU therapy, a robust imaging and monitoring system is essential. 4 Ultrasound, X-ray, computed tomography (CT), and magnetic resonance imaging (MRI) have been examined as tools to monitor the temperature rise in tissues treated with HIFU and to guide exposures. Currently, MRI is considered the most accurate and robust method to monitor and quantify temperature elevations in tissues treated with HIFU non-invasively and in the presence of tissue motion. An accuracy of 1°C and 1 s with a spatial resolution of approximately 2 mm has been reported for MRI thermometry for non-moving tissues. 5 When motion is present, protonresonance frequency techniques for MRI thermometry have been explored but have achieved only near-real time (i.e., 10 Hz) and require predictable motion patterns to implement the registration algorithms. [6] [7] [8] Quesson and co-workers measured local temperature maps with an accuracy of 1°C to2°C and a temporal resolution of 400 ms using the proton-resonance frequency techniques in pig liver and kidney in vivo. 7 However, MRI is an expensive imaging modality, non-portable, and requires specialized HIFU equipment in order not to interfere with the MRI system.
Ultrasound is an attractive imaging modality to guide and monitor HIFU treatment because it is non-ionizing, inexpensive, portable, and real time. Because of its attractiveness, several ultrasonic techniques have been investigated for monitoring, quantifying, and mapping the temperature rises induced in tissues by HIFU treatment. The most widely explored approach to ultrasonic thermometry is to quantify the changes in speed of sound and/or attenuation. [9] [10] [11] [12] [13] [14] [15] Bamber and Hill showed that the speed of sound in excised bovine and human liver increases with increasing temperature with the maximum increase at approximately 50°C. 16 Researchers observed that in canine liver samples, sound speed increased by 20 m/s over the 22°C to 60°C range and decreased by 15 m/s with the increasing temperature range of 60°C to 90°C. 17 Miller et al. 18 observed that tissue composition from the same anatomical site varies from patient to patient resulting in different temperature dependences of the speed of sound. Generally, as temperature increases, in most soft tissues, the speed of sound also increases, which causes a slight time shift in backscattered echoes. 19 This time shift can be detected by cross-correlating signals from a region at one temperature with signals from the same region at a different temperature.
Using cross-correlation techniques to detect time shifts, investigators have claimed the ability to detect changes in temperature as small as 1°C with a good spatial and temporal resolution. 9 In one study, a mean difference was observed between the ultrasound and thermocouple data of 0.06°C and maximum difference of 0.24°C. The authors reported the spatial resolutions of 1.2, 1, and 1.1 mm along the axial, lateral, and elevation directions, respectively. 9 Recent advances have tracked changes in three-dimensional (3D) volumes as opposed to two-dimensional (2D) image planes. 9 Finally, these techniques offer the possibility of real-time tracking of temperature changes in vivo. Varghese et al. used a cross-correlation technique to monitor temperature in the range of 45°C to 100°C during radiofrequency (RF) ablation of in vivo muscle tissues in pigs with a time resolution of 0.5 s. 12 However, time-domain cross-correlation methods are limited due to several factors. For example, the time-domain cross-correlation methods are limited by motion in subsequent acquisition scans. 13 Motion between the acquisition of imaging frames causes scan lines to become de-correlated, and errors in the estimation of time shifts become large. Lai et al. used a 2D speckle tracking algorithm combined with motion artifact compensation for thermometry in rat tumors in vivo for small changes in the tissue temperature (4°C-5°C increase) with an error ranging from −1.1°C to 1.0°C. 20 Researchers have used 2D M-mode to capture and compensate tissue motion by using a high frame rate signal acquisition system and achieved an ultrasound thermometry sensitivity of 1°C. 21, 22 Daniels and Varghese accounted for motion artifacts using a dynamic frame selection method for temperature monitoring of RF ablation. 23 The dynamic frame selection algorithm dynamically selects the next suitable ultrasonic image frame by optimizing the noise and error in the estimates and uses the frame-to-frame displacement calculation scheme. 23 Also, sound speed and thermal expansion coefficients do not always follow the same linear increases relative to temperature increases for every type of tissue. Techavipoo and co-workers observed increases in sound speed in the temperature range of 25°C to 40°C, with moderate increases in the range of 40°C to 70°C and decreases with increasing temperature from 70°C to 95°C in canine liver, muscle, kidney, and prostate in vitro. 24 Researchers have used thermal strain imaging to monitor in vitro and in vivo RF ablations in the porcine model. [25] [26] [27] Varghese and Daniels developed a calibration curve combined with a speckle tracking algorithm to track local displacement for ultrasound strain imaging for temperature monitoring. 27 It was proposed that after 50°C, there is minimal change in sound speed, and thermal expansion mainly contributes to displacement in tissues during RF ablation of in vitro and in vivo porcine myocardium. 26 Other investigators have examined spectral techniques for monitoring the temperature increases in tissues treated with HIFU. 19, 28, 29 In one technique, investigators hypothesized that the sound speed and density of sub-wavelength scatterers would change when subjected to hyperthermia treatment leading to a change in the scattering cross-section of the scatterers. 29 Based on this theory, the investigators examined the changes in the backscattered energy (CBEs) versus temperature over the range of 37°C to 50°C. They found that the backscattered energy changed monotonically with temperature with either a positive or negative slope depending on the location in the scanned region. However, like earlier techniques involving echo shifts, the technique to estimate CBEs depended on correlating the same tissue regions during temperature increases and was therefore sensitive to tissue motion. In other studies, the change in ultrasound backscatter energy between pre-and post-HIFU-treated sites in the prostate was used to detect tissue changes and visualize treatment sites. 30, 31 The authors developed a color mapping based on the change in ultrasound backscatter energy for differentiating between treated and untreated tissue. 30, 31 Researchers have investigated the change in attenuation with increasing temperature. 16, 24, 32 Bamber and Hill found that changes in attenuation coefficients with elevations in temperature were more significant at higher frequencies in different tissue samples such as bovine and human liver. 16 Researchers observed tissue-dependent characteristics of change in attenuation with increasing temperature in the range of 25°C to 95°C in excised canine soft tissues. 24 Specifically, they observed no change in attenuation in canine livers versus temperature and linearly increasing attenuation in excised canine prostate tissue versus temperature. 24 In our previous work, we observed decreased attenuation with increasing temperature in excised rabbit and beef liver sample in the temperature range of 37°C to 50°C. 32 Therefore, attenuation is dependent on tissue temperature, and is also dependent on the state of the tissue, that is, treated versus untreated. 33 All of the above ultrasound-based approaches have had limited success in monitoring temperature rise in tissues or assessing treatment after HIFU. [9] [10] [11] [12] [13] [14] [15] [19] [20] [21] 23, [27] [28] [29] Techniques are still needed that can be calibrated to tissue-specific parameters, robust against tissue motion, and provide parameters that are sensitive to small temperature increases. In this study, quantitative ultrasound (QUS) model-based imaging approaches were explored for their sensitivity to changes in tissue scattering properties during HIFU therapy. The QUS method has the potential to be more robust to tissue motion compared with techniques relying on estimating temperature from one frame to the next, that is, estimating sound speed from frame-to-frame cross-correlation. QUS parameters are estimated from the current frame and do not need any information from previous frames.
QUS techniques have been successfully used to characterize tissue microstructure. 34 Compared with CBE techniques, 29 spectral-based QUS techniques rely on examining the characteristic of the frequency-dependent backscatter coefficient (BSC), which is a fundamental property of the tissue. Furthermore, the BSC is derived from the backscattered power spectrum, which is phase insensitive. In the QUS technique, absolute parametric values that are related to the scattering properties in terms of shape and scattering strength are derived from BSC. The BSC is a fundamental property of the tissue and tissue state and its calculation from measurements does not rely upon a frame acquired at a previous time, as opposed to temperature estimation based on sound speed techniques that rely upon correlating signals separated by acquisition time. For this reason, the calculation of the BSC for a tissue for a particular frame is insensitive to tissue motion. Previous experiments with biological phantoms and fresh liver samples in a saline bath indicated that changes in QUS parameters could be correlated to temperature elevations in tissues. 32, 35 Therefore, these studies suggest that QUS has the potential to be used to monitor temperature elevations induced in tissues during HIFU treatment.
To test the ability of QUS to monitor transient changes in tissues during HIFU exposure, HIFU was used to expose solid tumors in rats in situ. The rats were euthanized prior to the experiment. The in situ experiments were specifically conducted to minimize the effects of blood flow on QUS estimates for this preliminary study and to provide better control over the experimental apparatus with the goal of future experiments being conducted in vivo. In the following sections, the experimental methods used to test the ability of QUS to monitor transient changes in tissues due to HIFU exposure are described followed by results and discussion regarding the study. If these QUS techniques are found capable of mapping temperature during HIFU, then these techniques could provide real-time feedback for HIFU therapy (e.g., targeted hyperthermia or possibly ablation).
Method

Tumor Samples
The experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC), University of Illinois, Urbana-Champaign, and satisfied all University and National Institutes of Health (NIH) rules for the humane use of laboratory animals. A rat mammary adenocarcinoma cell line, 13762 MAT B III (MAT) cells (American Type Culture Collection [ATCC], Manassas, VA, USA), was cultured in ATCC-formulated McCoy's 5a medium (modified) along with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT, USA) and 1% penicillinstreptomycin (Hyclone Laboratories) under conditions of 5% CO 2 and 95% humidity at 37°C. A Reichert Bright-Line® hemocytometer (Hausser Scientific, Buffalo, New York, NY, USA) was used to count viable cells and estimate the concentration of cells. A volume of 100 µL containing 500 cells was injected subcutaneously into both the right and left abdominal mammary fat pads of female 10-to 21-week-old Fischer 344 rats (Harlan Laboratories, Inc., Indianapolis, IN, USA). Prior to injecting the MAT cells, the rats were weighed and then anesthetized with isoflurane. Ultrasonic experiments were conducted on animals that had tumors of 8 to 9 mm in diameter. For each experiment, the animal was euthanized and hair over the tumor was shaved and depilated before the ultrasound exposure.
Histopathologic sections of tumors were generated for each tumor sample after exposure and tissue sections were stained with hematoxylin and eosin (H&E). In addition, histopathological samples were prepared of tumor samples before treatment. In this two-step staining process, first the cell nuclei were colored blue with hematoxylin, and then other structures such as the cellular cytoplasm were stained in shades of red or pink with eosin. The resulting microscope slides were examined by a pathologist.
Ultrasonic Method
The MAT tumors in the rats were exposed in situ to HIFU using a single-element 1-MHz ( f / . 1 1) transducer with an aperture diameter of 4.7 cm that was powered by an A150-55 dB power amplifier (ENI, Rochester, NY, USA) and excited by an arbitrary waveform generator (HP 33120a; Agilent Technologies, Santa Clara, CA, USA). The (−6 dB) beamwidth and focal length of the HIFU transducer were 1.8 mm and 5.2 cm, respectively, as measured in degassed water at 37°C using a needle hydrophone (Precision Acoustics, Dorchester, UK). The exposure was monitored using a SonixRP clinical ultrasound system (Ultrasonix, Richmond, British Columbia, Canada) and an L14-5/38 probe with signals recorded at a sampling frequency of 40 MHz. The probe had a center frequency of 6 MHz as estimated in the pulse-echo mode. A custom holder was designed to hold both the HIFU transducer and imaging probe such that the focal region of the HIFU transducer was aligned automatically with the imaging plane of the SonixRP probe and no further adjustment was required. The experimental setup is shown in Figure 1 (a) and the custom holder is shown in Figure 1 
Engineering, Inc., Stamford, CT, USA) was inserted into the tumor to monitor the temperature profile during the experiment. The diameter and the length of the needle thermocouple were 0.3 and 15 mm, respectively. The thermocouple was connected to a temperature reader (NI USB-TC01; National Instruments Corporation, Austin, TX, USA), which was connected to a computer to record temperature every 1 s. The degassed water bath was maintained at 37°C using an automatic temperature controller throughout the ultrasonic experiment. In these experiments, the sample was moved using a computer-controlled micro-positioning system (Daedal, Inc., Harrisburg, PA, USA).
The HIFU experiment was conducted soon (15 min) after euthanizing the animal. The tumors were exposed to spatial peak temporal average intensities (I SPTA ) of either 270 W/cm 2 or 335 W/ cm 2 with a 50% duty cycle, as estimated in degassed water using a needle hydrophone (Precision Acoustics). Data were collected using the clinical system during the exposure by synchronizing the capture of the RF data with periods between HIFU exposure tone-bursts. The synchronization of the imaging trigger and the HIFU pulsing is shown in Figure 2 . The HIFU pulse consisted of 16,000 cycles at 1 MHz with a total pulse duration of 0.016 s at a 50% duty cycle. At the end of each HIFU pulse, the imaging system was triggered to record one frame of RF signals as shown in Figure 2 . Two different exposure durations of 60 and 120 s were used in the experiments.
B-mode images of the scanned areas were constructed using the SonixRP system. Regions of interest (ROIs) in the B-mode images corresponding to the tumor area were examined for the spectral content of the backscattered RF echoes. Square-shaped data blocks of size 10λ by 10λ (λ is the wavelength associated with the center frequency of the imaging probe, that is, 6 MHz) were constructed with an 80% overlap between adjacent data blocks both in the vertical and horizontal directions within larger ROIs. Figure 3 shows an image depicting the construction of QUS image maps and the selection of data blocks. First, the tumor boundary was outlined as shown by the red line in Figure 3 . Next, data blocks of the designated size were created inside the boundary outlined using an automated data block selection code. The BSC was estimated for each data block from the backscattered RF signals using the reference phantom technique. 36, 37 The reference scan was obtained from a well-characterized reference phantom. The insertion loss method was used to estimate attenuation from untreated excised tumors (n = 4). 38 The average attenuation slopes were used to compensate for attenuation effects in the power spectra from in situ tumors using the method developed by Yao et al. 36 The tumor was excised and cleared of skin and any surrounding tissue prior to scanning for the insertion loss measurement. The attenuation slope estimated from the excised tumor was used for all time points of the HIFU exposure for all the experiments. The BSC estimate did not account for changes in attenuation due to temperature elevation or from irreversible changes to the tissues. Therefore, at each time point, an apparent BSC was calculated.
Estimates of the effective scatterer diameter (ESD) and effective acoustic concentration (EAC) were obtained from the apparent BSC estimate using a spherical Gaussian scattering model. 22, 37 The percentage change in ESD and EAC for each data block was estimated with respect to its initial value before the HIFU exposure. For example, the percentage change in EAC after 10 s is given by
where EAC s ( ) 0 and EAC s ( ) 10 refer to EAC at the beginning of the exposure just before HIFU exposure and 10 s after the start of the HIFU exposure, respectively. Similarly, the ∆ESD for each data block was estimated using the same method.
The apparent BSCs were estimated for each data block at different time points during the exposure. A constant attenuation coefficient was used to compensate power spectra at different time points. It is expected that the attenuation coefficient will change with application of HIFU. However, the depth of percutaneous tumors was less than 1 cm; therefore, it is expected that the changes in attenuation will not result in large errors in QUS estimates at the frequency ranges used. For example, the error propagation in ESD estimates due to a change in attenuation ( ) ∆α using a spherical Gaussian scattering model is given by 37 where N is the total number of frequency points and 2∆a eff is the change in ESD . Similarly, the error in EAC will be proportional to the sixth power of the error in ESD estimates. Overall four in situ tumors were used for the experiments to observe the changes in various QUS parameters (scatterer size and concentration) during HIFU exposure. The exposure settings used for each experiment are shown in Table 1 .
The significance of changes in ESD and EAC was assessed through a Kruskal-Wallis oneway analysis of variance by ranks by comparing the estimates at three different time points. Case I corresponded to a time point just before exposure, Case II corresponded to a time point just before the last HIFU pulse was delivered to the tissue (i.e., peak temperature), and Case III corresponded to a time point after the tissue was cooled to 37°C post exposure, that is, typically 5 to 10 min after the HIFU was turned off based on thermocouple readings in treated tumors. Statistically significant differences were confirmed by the p-values ( . ) < 0 05 . The Kruskal-Wallis test was conducted because it is a non-parametric method and suitable for the current study having low sample numbers. In addition, linear curve fitting was performed between the ∆EAC and temperature recorded by the thermocouple to characterize their relationship. Specifically, the relationship between the ∆EAC parameter and temperature during the exposure was investigated (i.e., during HIFU on only). B-mode brightening for the ROI at time p was also quantified by estimating the normalized intensity using
where V i 0 and V i p refer to the amplitude of the ith pixel before HIFU exposure and at time p , respectively for a chosen ROI.
Results
B-mode images of an in situ tumor at different time points of HIFU exposure are shown in Figure 4 color. An attenuation correction of 0.7 dB/cm/MHz, as estimated from insertion loss measurements of untreated excised tumors, was used to obtain the BSCs at different time points of HIFU exposure. B-mode brightening was observed during the exposure as indicated in the Figure 4(d) and (g). The B-mode brightening was quantified for the same ROI which was used for QUS analysis (see Figure 4 ) is shown in Figure 5 . The magnified view of the ROI clearly shows an increase in B-mode image intensity during the HIFU exposure. The normalized intensities for ROIs in Figure  5 (a), (c), and (e) were 1.0, 2.1, and 1.2, respectively. Therefore, an increase in the normalized intensity level in the B-mode images was observed during HIFU exposure in R3 of about 3 dB. However, most of this brightening was confined to the bottom of the tumor near the interface of the tumor and surrounding tissues.
Whereas the B-mode image brightening was confined to the bottom of the tumor, the EAC parameter was observed to increase throughout the tumor. The maximum ∆EAC (%) was approximately 18% in Figure 4(f) , with a mean increase of 19 dB between the onset of HIFU exposure and the peak temperature. The red region in the QUS image in Figure 4(e) , which corresponds to a large EAC increase, had a maximum of 25% to 28% increase. The discrepancy exists because the curve from Figure 4 (f) averages EAC values throughout the whole tumor, which results in ∆EAC values both higher and lower than 18%. Therefore, the ∆EAC may result in higher changes if the analysis region is further localized to be closer to the HIFU focus. The ROIs used to estimate QUS parameters and normalized intensity were exactly the same. Furthermore, the region of maximum ∆EAC did not correspond to the region of B-mode brightening. Examples of the changes observed in ESD and EAC during HIFU exposure for the other rats are shown in Figure 6 (a) to (h). The results shown in Figure 6 (a)-(b), (c)-(d), (e)-(f), and (g)-(h) were obtained from scans of animals R1, R2, R3, and R4, respectively. Exposure conditions are listed in Table 1 . For all animals, the EAC parameter was consistently correlated to temperature. A linear fit between the ∆EAC and temperature recorded by the thermocouple for the heating period (HIFU on) for each experiment was performed. The comparison between the linear fit and the experimental data is shown in Figure 7 (a) to (d) during the HIFU exposure. Similar comparison during post-HIFU exposure cooling period is shown in Figure 8(a) to (d) . The slope, intercept, and the root mean square error (RMSE) of the fit during HIFU exposure and post-HIFU cooling period are tabulated in Table 2 . Low RMSE values for all the experiments indicate a linear dependence between the ∆EAC and the temperature recorded by the thermocouples. Similar slopes were observed both during the HIFU exposure and post-HIFU exposure cooling period except for R2. Low slope of 0.13 was observed during the post-exposure cooling period of R2 compared with 1.30 during the HIFU exposure for R2. Similar slopes during the heating and cooling periods show that QUS can be used for monitoring both the treatment cycles.
Unlike the change in ΔEAC, the ΔESD parameter showed no consistent trend from one animal to the next. For example, in the cases of R1 and R4, the ESD changed by less than 5% throughout the exposures. For the case of R2, the ESD increased versus increasing temperature, and for the case of R3, the ESD decreased for increasing temperature.
To evaluate difference in the QUS parameters statistically, the mean and standard deviation of the QUS parameters at three different time points during the HIFU exposure experiment were estimated. ESD and EAC at the end of treatment while the temperature remained elevated were each compared with estimates at the baseline temperature, both before and after treatment. The mean ESD and EAC before exposure (Case I) were 120 16 ± µm and 32 3 3 ± dB cm / , respectively, and changed to 144 9 ± µm and 51 7 3 ± dB cm / , respectively, just before the last HIFU pulse was delivered to the tissue (Case II). At 5 to 10 min after exposure, the thermocouple recorded a temperature of 37°C and the mean effective scatterer diameter and effective acoustic concentration were 126 8 ± µm and 35 4 3 ± dB cm / , respectively (Case III). The changes in ESD (p-value = 0.0433) and EAC (p-value = 0.0209) had statistically significant differences between Cases I and II as the tissue temperature increased with application of HIFU. No statistically significance differences were observed between Cases I and III (p-values = 0.3865 and 0.1489, for ESD and EAC , respectively). However, if sample R1 was omitted from the statistical test, statistical significance was observed. Statistically significant differences in ESD (p-value = 0.0209) and EAC (p-value = 0.0433) for Cases II and III were observed. Different temperature values between the time point just before the HIFU was turned off and after the tissue temperature returned to 37°C post exposure were also observed.
Representative histologic slides of the non-treated and treated tumors are shown in Figure 9 . However, no changes in the shape and sizes of the cells were observed. The apparent absence of dramatic morphological changes, that is, "histological fixing," immediately after HIFU treatment has also been observed by others. 40 
Discussion
In situ rat tumors were exposed to HIFU, and QUS imaging was used to monitor changes in signal properties due to HIFU exposure. A thermocouple was placed away from the focal region manually to measure temperature rise in the tumor. Typically the thermocouple was placed approximately a few millimeters from the focal zone that was also verified from the B-mode images acquired by a SonixRP.
From the results, it was observed that the EAC parameter provided consistent correlation to temperature elevations caused by HIFU exposure, that is, EAC increased when temperature increased in all cases and EAC decreased when temperature decreased except for one case (see Figure 6 (d)) where the EAC decreased only slightly after the HIFU was turned off. However, the changes in the ESD were inconsistent from one animal exposure to the next. The QUS images overlaid on conventional B-mode images clearly showed changes in the EAC of the tissue due to the exposure. The results suggest that EAC may be a good candidate to monitor temperature changes in the tissue because the ΔEAC curves followed the same characteristics of the temperature profile measured by the thermocouple.
Changes in QUS parameters were also observed between the pre-treated and post-treated tumor after it reached an equilibrium temperature of 37°C. For R2, the EAC was observed to increase with the increasing temperature but did not return to its pre-exposure levels during cooling out to 120 s post exposure. Thus, it remains unclear whether the EAC is sensitive to temperature, to permanent changes as a result of thermal insult, or to both. In addition, mechanical effects such as boiling or cavitation could not be excluded as contributing to the increase in EAC observed.
In the ex vivo tumors, the EAC changed on average by 3 dB between the pre-and post-exposure time points at 37°C. However, the EAC increased by 19 and 16 dB at the peak temperature when compared with the pre-and post-exposure time points, respectively. Therefore, unlike attenuation that changes both due to temperature elevation and irreversible tissue changes, we hypothesize based on these preliminary results that the EAC is sensitive to temperature but less sensitive to irreversible thermal damage. If this is indeed the case, it would be consistent with the observed sensitivity of changes in BSC to temperature in liver 27 and the apparent insensitivity of the BSC to irreversible damage in liver. 33 However, unlike the case of the tumors examined in the current study, the EAC decreased with increasing temperature in the liver. Therefore, the sensitivity of EAC to temperature and to irreversible changes in tissue appears to be tissue dependent. Sensitivity to temperature but not to irreversible effects would simplify the monitoring problem and avoid introducing temperature path dependency.
While changes in temperature correlated to changes in EAC, predicting actual temperature elevations from changes in EAC in tumors requires further study. The difference in regression coefficients for each tumor may be due to different orientations of the thermocouple with respect to the region of HIFU therapy. Furthermore, temperature trends indicated sudden changes in properties of the exposed tissue. For example, the sudden change in slope of the temperature profile in Figure 6 (a) and (b) suggests changes in tissue properties as the tissue was being heated. These changes may be due to coagulation resulting in increased bulk absorption, as well as absorption and re-radiation of acoustic energy by bubbles. The lack of tissue perfusion and B-mode brightening observed (see Figure 4 (d) and (g)) supports the latter case, though it was not observed throughout the entire tumor, but seemed to be confined to the bottom of the tumor with respect to the B-mode image. Thus, the question of the source of contrast in the tissue responsible for EAC increases remains. Future work will aim to evaluate the degree to which QUS changes are due to these effects, although in vivo studies will be pursued first as these mechanical effects may be mitigated by perfusion in live tissues. EAC increases would be expected in the presence of cavitation and boiling.
Another potential source of error that must be considered is the change in sound speed that occurs when the tissue is heated during HIFU exposure. A 1% change in sound speed will not produce significant errors in QUS estimates because the QUS parameters are based on the BSC which is not a phase-sensitive estimate, that is, the BSC is calculated from the magnitude squared of the Fourier transform of the RF data. Changes could occur in the spectral normalization procedure using the reference phantom if the focus location was shifted by a large amount with heating. However, with a maximum 1% change in sound speed during the HIFU exposure and most of that confined to the focal location, the focal distance is not going to change to produce significantly observable effects. Hence, sound speed changes were considered negligible in the estimation process.
It is expected that any lesion created by the HIFU exposure will have spatially varying attenuation and also that the attenuation will change with application of heat (i.e., temporal change in attenuation due only to temperature) and with reversible change of tissues due to thermal insult. However, the current results do not account for attenuation changes in the exposed area. This can result in increased bias in the estimate of ESD and EAC because the change in attenuation during monitoring is not compensated. However, this work seeks to apply QUS techniques to monitor temperature, and not to estimate tissue properties per say. To examine the potential error associated with not accounting for the attenuation, using Equation (3), an increase of 0.1 dB/cm/MHz (~15% increase) and 0.35 dB/cm/MHz (50% increase) in attenuation will result in a maximum of 3% and 10% change in ESD , respectively, considering a frequency band of 3 to 8.6 MHz and initial ESD of 130 µm at a depth of 7 mm. Because all the tumors were less than 7 mm thick, the maximum difference in ESD estimates due to incorrectly accounting for the attenuation was anticipated to be less than 10%. For a 50% increase in attenuation (0.35 dB/cm/MHz), the change in EAC is predicted to be less than 3 dB. With the change in EAC from pre-treatment to the peak temperature being on average 19 dB, the error from not accounting for attenuation is much smaller than the change in EAC attributed to temperature change. An affordable non-invasive imaging system is necessary to monitor thermal therapies. The results of this study suggest that QUS has the potential to be used for non-invasive monitoring of temperature elevations due to HIFU exposure. The fact that different exposure conditions resulted in different behaviors of the ESD parameter versus temperature might be indicative that ESD is sensitive to different kinds of effects, both mechanical (cavitation or boiling) and/or temperature effects. The hypothesis that certain QUS parameters may be sensitive to mechanical effects produced during HIFU while other parameters may be more sensitive to temperature elevations will be the subject of additional studies in the future.
In future, we plan to conduct in vivo studies to monitor HIFU treatment using QUS imaging. The potential exists for blood flow to affect QUS estimates, especially at higher ultrasonic frequencies (>20 MHz) where blood scattering is not negligible. It is hypothesized that QUS techniques could be still very effective in monitoring HIFU treatment for in vivo tissue ablation or hyperthermia.
The study presents the current state of the art in QUS for therapy monitoring and assessment applied to a rodent tumor model. While the source of contrast during HIFU application remains unclear, the correlation between EAC and temperature suggests that QUS techniques have the potential to monitor HIFU therapy for targeted hyperthermia and potentially ablation. Understanding the source of contrast will be necessary to determine the types of exposure for which QUS monitoring is appropriate. If these techniques could be further developed and optimized, the major clinical significance would be an addition of a real-time, non-ionizing, and cost-effective non-invasive imaging system to monitor thermal therapy.
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